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(57) Abstract 

The present invention concerns a retroviral vector for introducing into a eucaryotic cell DNA encoding a transcription unit 
which comprises a first DNA sequence which is the reverse transcript of at least a portion of a retrovirus, said portion including 
both the 5' LTR sequence and the 3' LTR sequence of the retrovirus, and a second DNA sequence encoding the transcription unit 
which is inserted into the U3 region of the 3' LTR sequence. A method of producing a virion useful for introducing into a eucary- 
otic cell DNA encoding a transcription unit is provided as well as a method of introducing into a eucaryotic cell DNA encoding a 
transcription unit which comprises infecting the cell with such a virion. 
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RETROVIRAL VECTOR 

This application is a continuation-in-part application 
of U.S. Serial No. 196,628, filed May 17, 1988, the 
contents of which are incorporated herein by reference 
into the present application. 

This invention was made with support from the U.S. 
Government under grant number CA-33050-06, from the 
National Cancer Institute, U.S. Department of Health 
and Human Services. The U.S. Government has certain 
rights in this invention. 

15 Throughout this application various publications are 

referenced and citations are provided for them. The 
disclosures of these publications in their entireties 
are hereby incorporated by reference into this applica- 
tion in order to more fully describe the state of the 
art to which this invention pertains. 

Backgrou nd of the Invention 

The understanding of gene expression has been greatly 
enhanced by the ability to transfer cloned genes int 
cells and to study the mechanism of their regulation. 
For the past several years it has been recognized that 
retroviruses are good candidates as vehicles or vec- 
tors to introduce genes into eucaryotic cells. Retro- 
virus-derived vectors utilize the biochemical processes 
unique to this group of viruses to transfer genes with 
high efficiency into a wide variety of cell types in 
vitro and in vivo. By using retrovirus-derived vec- 
tors, the effect of newly introduced genes and the 
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mechanism of gene expression can be studies in cell 
types, so far refractory, to other methods of gene 
transfer. The special features of this new gene 
transfer technology have provided for the first time 
the opportunity of introducing genes into the somatic 
cells of live animals. Although at present, gene 
transfer technology is mainly limited to gene transfer 
into hemopoietic cells, its potential in general 
studies and applications to human therapy is beginning 
to be recognized. 

As with many new emerging technologies, the potential 
of retroviral gene transfer created great expectations. 
It was quickly realized that retroviral- gene transfer 
is not a simple technique to adapt, and the initial 
euphoria gave vent to overt pessimism. Recent progress 
in this field is encouraging, and there is perhaps 
reason for cautious optimism that some of the 
expectation generated by this new gene transfer tech- 
nique will be fulfilled. 

Principles of re troviral gene transfer 

Retroviruses are RNA viruses wherein the viral genes 
are encoded in a single-stranded RNA molecule. Aft r 
penetration into the cell, the viral RNA is converted 
into a double-stranded DNA molecule in a process called 
reverse transcription. The DNA enters the nucleus and 
integrates into the cell chromosome, becoming indistin- 
guishable from any other cellular gene. The integrated 
viral DNA form, which is called a provirus, is the 
template for the expression of the viral genes and the 
synthesis of the progeny virion RNA. The viral gene 
products and progeny RNA assemble into a virion which 
leaves the cell by budding through the outer membrane. 
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It is important to point out that the integration of 
the viral genome into the cell chromosome is an obliga- 
tory part of the viral replication process and is medi- 
ated by virally encoded enzymes. With a few excep- 
tions, the presence of the viral genome in the cell, 
expression of its genes, and the formation of progeny 
virus have no apparent effect on the viability of th 
infected cell. The cell is chronically infected but 
otherwise healthy, and continuously secretes virus into 
medium (see Varmus and Swanstrom, 1985 (19) for a 
review) . 

Retroviral gene transfer is used for the purpose of 
introducing functional genes into cells at one copy per 
cell, without affecting the proliferative capacity of 
the recipient cell. The suitability of retroviruses 
for gene transfer stems from their mode of replication. 
By "simply" replacing the viral genes with the gene of 
interest and utilizing the efficient viral infection 
process, the gene is' transferred into the target cell 
as if it were a viral gene. Figure 1 is a schematic 
diagram showing how this process works. First, using 
standard recombinant DNA techniques, portions of the 
viral DNA are combined with the gene of interest. As 
shown in Figure 1, most of the internal viral sequences 
may be replaced with the foreign gene. The remaining 
retroviral DNA is called the vector and always includes 
the two ends of the viral genome, which are terminally 
redundant and are called long terminal repeats (LTRs) . 
This and immediately adjacent regions of the viral 
genome contain important cis functions necessary for 
the replication of the virus, for example, the viral 
packaging signal as shown in Figure 1. The deleted 
sequences, which may be replaced with the foreign gene 
or genes, encode viral proteins that are necessary for 
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the formation of infectious virions. These proteins, 
although necessary for the replication of the virus, 
can be complemented in trans if the cell contains 
another virus expressing the gene products missing in 
the vector o In the second step, the hybrid DNA is 
introduced into specially engineered cells by standard 
(and inefficient) DNA transfection procedures. These 
cells , called packaging cells, harbor a retrovirus 
defective in a cis function. The RNA of such cells 
cannot encapsidate into a virion but it does express 
all the viral proteins and is therefore able to 
complement the same functions missing in the incoming 
vector DNA. The vector DNA is now transcribed into a 
corresponding RNA which is encapsulated into a 
retrovirus virion and is secreted into the medium. The 
actual gene transfer takes place at this point: the 
virus collected in the medium is used to infect the 
target cells, and through the efficient viral infection 
process the foreign gene is inserted into the cell 
chromosome as if it were a viral gene. (For additional 
reading see Coffin, 1985 (4); Temin, 1986 (18); and 
Gilboa, 1986 (7)). 

Retroviral based gene transfer is a promising technique 
for two principal reasons. The first reason is high 
efficiency. At present retroviral based gene transfer 
is the only system available for use in cases where it 
is necessary to introduce the gene of interest into a 
large proportion of the target cells. This is in 
sharp contrast to other gene transfer systems such as 
DNA transfection, protoplast fusion and electro- 
poration. Second/ retroviral vectors have a broad 
host range, which ^enables genes to be introduced not 
only into monolayer-grown cells such as NIH 3T3 or L 
cells but also into many suspension-grown lymph id and 
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myeloid cells and the hemopoietic stem cells present in 
the bone marrow population (see Gilboa, 1986 (7) for a 
review) . 

The basic limitation of using retroviral vectors com- 
5 pared to alternative types of gene transfer techniques 

is that it requires extra manipulations, and is thus 
more time-consuming. When using DNA transfection, 
electroporation or protoplast fusion, the DNA fragment 
carrying the gene of interest is directly introduced 
t0 into the target cells, whereas in using retroviral 

vectors the gene of interest is first inserted into a 
retroviral vector and converted into a virion before 
the actual gene transfer takes place (Figure 1) , With 
numerous refinements it is now quite simple to insert a 
15 gene into a retroviral vector, obtain recombinant vi- 

rus, infect target cells and express the foreign gene. 
What is, however, more difficult and elusive at the 
present time is how to maximize the efficiency of the 
process. Three parameters determine the efficiency of 
retroviral gene transfer. The first parameter is the 
stability of the recombinant virus carrying the gene of 
interest, reflecting the observation that some inserts 
are unstable within the context of a retroviral vector. 
The second parameter is the ability to infect a large 
proportion of target cells. This property is a func- 
tion of the titer of recombinant virus that can be 
produced in the process, as described in Figure 1. The 
titer of retroviral vectors is an important and limit- 
ing parameter of this technology. The third and criti- 
cal parameter of this technology is the ability to 
express the transduced gene in the infected cells. 
This is probably the most problematic aspect of this 
technology. 
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Retroviral vector design 

The nature of the retrovirus vector will determine such 
parameters to a large extent. The reason why the de- 
velopment of an all-purpose, super-efficient , 
retroviral vector is elusive , stems from a lack of un- 
derstanding of some of the more subtle details of the 
structure and biology of retroviruses, as well as that 
of mammalian genes. Difficulties often arise when the 
hybrid virus is constructed by replacing viral genes 
with a foreign gene (Figure 1) . The removal of viral 
sequences and substitution with foreign DNA can cause a 
substantial reduction in the titer of viruses generated 
and can also reduce the efficiency with which the 
transduced gene is expressed. A more significant limi- 
tation associated with the use of retroviral vectors is 
the inability to express the transduced gene. This 
limitation is -inherent in the design of most retroviral 
vectors and the new vector system described in the 
present invention is designed primarily to circumvent 
or alleviate this problem. 

Several strategies of retroviral vector design are 
shown in Figure 2 r to highlight the advantages and 
limitations of each approach. Note that these vectors 
accommodate not one but two genes. One gene is the 
gene of interest and the second gene is a selectable 
gene. A selectable gene is not absolutely required, 
but its presence greatly facilitates the use of 
retroviral vectors, enabling the identification and 
isolation of productively infected cells. In some 
cases, the presence of a selectable gene may have nega- 
tive effects, and the use of vectors without selectable 
genes, although more cumbersome , may be advantageous. 
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Figure 2 A shows the structure of a prototype double 
expression (DE) vector as described by Cepko et al. , 
1984 (3). As shown in Figure 2A (top) , the three viral 
genes are expressed from two RNA species. The gag and 
pol genes are expressed from an unspliced RNA from 
which is co-linear with the viral genome and the env 
gene is expressed from a spliced RNA form, generated 
from the unspliced RNA species by the removal of a long 
intron. Removal of the viral intron is tightly 
regulated in this system, because both RNA species, the 
spliced form and its precursor, the unspliced form, 
accumulate in the cytoplasm. DE vectors (Figure 2A, 
bottom) contain two foreign genes. One gene, replacing 
the gacr/pol segment, is expressed from the unspliced 
RNA form and the second gene, replacing the viral env 
15 gene, is expressed from the spliced RNA form. The 

distinguishing feature of this type of vector is that 
it provides not only the cis functions necessary for 
the transmission of the foreign genes into the target 
cells but also provides the cis functions for their 
20 express ion , i.e., an enhancer, a promoter and the 5' 

splice site in the 5' LTR and downstream sequences, a 
poly A signal in the 3' LTR, and a 3' splice site en- 
coded in a third DNA fragment. DE vectors are depen- 
dent on the efficient formation of the viral RNA spe- 
25 cies. This in turn depends on a properly regulated 

splicing process, and the underlying assumption in the 
design of these vectors was that removal of the viral 
intron is regulated by the sequences immediately sur- 
rounding the splice junctions. There is now mounting 
evidence indicating that this assumption is not valid. 
Rather, sequences scattered throughout the viral intron 
have been found to play an essential role in modulating 
the levels of spliced and unspliced RNA forms that 
accumulate in the cytoplasm (9,15). Thus, the absence 
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of intr on-contained sequences in DE vectors may be one 
reason for their poor performance* A second and more 
important limitation in using DE vectors is inherent in 
their structure. In DE vectors the expression of the 
gene of interest is directed from the promoter encoded 
in the LTR and, therefore, the usefulness of these 
vectors will be limited to cells in which the viral 
promoter is sufficiently active* 

Figure 2B shows the structure of another type of 
retroviral vector in which the transduced gene is ex- 
pressed from an internal promoter, hence the name, 
vectors with internal promoters (VIP) . In these vec- 
tors, the selectable gene is linked to the left end of 
the viral DNA and is expressed from the viral promoter . 
A complete gene, or a minigene as shown in Figure 2B, 
is inserted downstream of the selectable gene (14) e 
The promoter-encoding DNA fragment, which is responsi- 
ble for the expression of the transduced gene can be 
derived from any gene and, therefore, in using this 
type of vector one has the flexibility of choosing the 
promoters to express the transduced gene in a manner 
most appropriate for a particular experimental design. 

The main drawback of this strategy of vector design is 
25 that an internal promoter is placed within the 

retroviral transcriptional unit which in turn affects 
the activity of the internal promoter, and results in 
variable and often low levels of expression of the 
transduced gene* This is expected since it has been 
shown repeatedly that the activity of promoters is 
reduced when present downstream to another active pro- 
moter (5,10). " Interference of promoter activity occurs 
also when the two transcriptional units are facing each 
other (18) . 

35 



20 



30 



WO 89/11539 



PCT/US89/02138 



-9- 



Figure 2B (bottom) shows the structure of a VIP vector 
called N2 (1) . The unique feature of this vector is 
the generation of significantly higher titers of virus, 
as compared to other retroviral based vectors. As 
shown in Figure 2B (bottdm) , in the N2 vector the 
region downstream from the 5' LTR extends beyond the 
gag AUG initiation codon and includes 418 base pairs of 
the gag coding sequences to which the bacterial Neo 
gene is fused. It appears that this extra region 
present in N2 is responsible for the production of 10- 
to 50-fold higher titers of virus as compared to 
similar vectors lacking these sequences (1, 2) . For 
this reason, N2 based vectors are gaining increasing 
popularity in many laboratories, in particular for the 
introduction of genes into cultured hemopoietic cell 
lines and fresh bone marrow cells • 



Although N2 based vectors generate high titers of vi- 
rus, expression of transduced genes is often disap- 
pointingly low due to the presence of an active 
retroviral transcriptional unit. To address this prob- 
lem another type of retroviral vector called the SIN 
vector has been developed (23) and similar vectors 
based on the same principle were later introduced by 
other laboratories (6 f 8,22). Self inactivating (SIN) 
vectors are shown in Figure 2C and have a very inter- 
esting property* The LTRs at the two ends of the 
retroviral genome encode the enhancer and promoter 
elements which are responsible for the formation of the 
viral transcriptional unit leading to the inhibition of 
gene expression of VIP vectors as described above. The 
retroviral enhancer' can also activate adjacent onco- 
genes when integrated into th cell chromosome. This 
is of course a worrisome aspect if retroviral vector 
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are to be used in human therapy. As its full name 
implies, the special property of the SIN vector stems 
from the fact that upon integration into the chromosome 
of the target cells it self-inactivates, because a 
small portion of the viral DNA which includes the en- 
5 hancear and promoter sequences is absent from both LTRs, 

Consequently, the proviral DNA in the infected cells 
becomes transcriptionally inactive, enabling the unin- 
hibited expression of the foreign gene. In addition, 
the absence of the viral enhancers will diminish the 

10 possibility of activating cellular oncogenes. Figure 

2C illustrates how this works. SIN vectors contain a 
small deletion in the 3' LTR which encompasses the 
promoter and enhancer sequences that control the accu- 
rate and efficient transcription of the viral genome. 

15 These sequences are required for "viral gene expression 

when present in the 5' LTR but not when present in the 
3' LTR and, therefore, their removal from DNA con- 
structs as shown in Figure 2C, does not affect viral 
functions. Because a region of the 3' LTR encompassing 

20 this deletion, called the U3 region, is the template 

for the synthesis of the U3 regions in both the 5' and 
3' LTRs in the next generation, the deletion encompass- 
ing the viral enhancer and promoter will be transferred 
to both LTRs. in the target cells (23) . 

25 

Although it has been demonstrated that SIN vectors do 
self inactivate in the target cell, the titers of virus 
generated from this type of vector are disappointingly 
low (lb 3 -10 4 cfu/ml) and are probably not sufficient 
30 for use in applications involving in vivo gene trans- ? 

fer* A systematic effort over a two year period aimed 
at improving the titer of SIN vectors was not success- 
ful (Yu and Gilboa, unpublished result) . 
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In summary, the usefulness of double expression vectors 
(DE vectors, Figure 2A bottom) is limited primarily 
because expression of the transduced gene is restricted 
to the viral LTR. The use of vectors with internal 
promoters (VIP vectors, Figure 2B) circumvents this 
limitation and the N2 variant shown in Figure 2B also 
generates a high titer of virus, a critical parameter 
of this technology. However, a serious drawback of 
this type of vector design is the unpredictable and 
often low level of expression of the transduced gene 
due to the presence of an active readthrough retroviral 
transcriptional unit. The development of self-inacti- 
vating vectors (SIN vectors, Figure 2C) was designed to 
address this problem. Unfortunately, this type of 
vector, unlike N2 based vectors, yield low titers of 
virus which severely limits their usefulness, especial- 
ly for gene transfer into human bone marrow cells. 
Clearly, although considerable progress has been made 
in the development of retroviral vectors, the need for 
more efficient vectors exists, which will yield high 
20 titers of virus and also allow for the efficient and 

uninhibited expression of the transduced gene. 

This section on vector design follows in part the out- 
line of a similar section presented in Gilboa, 1986 
25 < 7 >- ( F °r additional details on this subject please 

consult also Coffin, 1985 (4) and Temin, 1986 (18)). 
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Summarv of the Invention 

The present invention concerns a retroviral vector for 
introducing into a eucaryotic cell DNA encoding a 
transcription unit which comprises a first DNA se- 
5 quence which is the reverse transcript of at least a 

portion of a retrovirus, said portion including both 
the 5' ETR sequence and the 3' LTR sequence of the 
retrovirus, and a second DNA sequence encoding the 
transcription unit which is inserted into the U3 region 
10 of the 3' LTR sequence. 

This invention also provides a method of producing a 
virion useful for introducing into a eucaryotic cell 
DNA encoding a DNA transcription unit comprising 
15 transfecting a eucaryotic cell with the retroviral 

vector described above into a suitable packaging cell 
line under conditions such that the virion is formed 
within, and excreted by, the packaging cell line. 

20 This invention further provides a method of introducing 

into a eucaryotic cell DNA sequence encoding a 
transcription unit of interest which . comprises 
infecting the cell with the virion described above, 
under conditions such that the DNA sequence encoding 

25 the transcription unit of interest is incorporated into 

the chromosomal DNA of the eucaryotic cell. 
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Brief Description of the Figures 

Figure 1. Use of retroviral vectors to introduce genes 
into eucaryotic cells. See text for details. 

5 

Figure 2. Strategies of retroviral vector design. See 
text for details. 

Figure 3. The basic structural difference between a DC 
vector and previously designed vectors. 

10 

Figure 4. The principle of double copy (DC) vectors. 

In a DC vector the gene of interest is inserted within 
the U3 region of the 3' situated LTR by using standard 
15 recombinant DNA techniques. The gene can be inserted 

in either of two transcriptional orientations as indi- 
cated by the two arrows. Also shown is the viral RNA 
which is initiated at the border of U3 and R regions of 
the 5' LTR and terminates at the border of R and U5 

20 

in the 3' LTR* Consequently, the gene inserted into 
the 3' LTR is present within the retroviral 
transcriptional unit. The DNA construct is then 
converted into virus and introduced into the target 
cell as shown in Figure 1. In the target cell the U3 

25 

region of the 3' LTR, including the inserted gene is 
"transferred" to the 5' LTR as shown, thus generating 
two copies of the inserted gene. As a result of this 
duplication, the gene present in the 5' LTR is now 
outside the retroviral transcriptional unit. 

30 

Figure 5. A DC vector containing the ADA minigene. 

The ADA minigene consists of the ADA promoter fused to 
the ADA cDNA (20,21) which was inserted downstr am to 
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the Neo gene of the N2 vector to generate the AAX vec- 
tor shown in panel A. To generate the DCA vector shown 
in panel B, the N2 vector was first modified by the 
insertion of a polylinker cloning site into the Nhel 
site present in the U3 region of the 3' LTR, between 
the distal end of the LTR and the viral enhancer 
(called N2A) . The ADA minigene was then inserted int 
a SnaBI site present in the polylinker. For additional 
details see (1) and text* 

Figure 6. DNA analysis of NIH 3T3 cells infected with 
DCA virus, 

3 

10 infectious units of DCA virus from 5 producer lines 
was used to* infect 2 x 10 5 NIH 3T3 cells* Infected 
cells were selected in G418, expanded and cellular DNA 
was isolated. DNA was digested with Bam HI, subjected 
to electrophoresis in 1% agarose gels and blotted t 
nitrocellulose paper. Vector specific DNA was detected 
by hybridization with a Neo specific probe. Molecular 
weight markers constitute a mixture of three DNA 
fragments of known molecular weights of 6.2, 4.4 and 
3-7 kb, containing Neo sequences. N2A is a modified 
N2 vector as described in Figure 5. Both N2 and N2A do 
not contain a Bam HI site. DCA- 3, 4, 6, 7, and 9 are 
five independently derived virus supernatants obtained 
by transfection of PA317 cells and isolating single 
colonies . 

Figure 7. Expression of vector specific SNA in NIH 3T3 
cells infected with DCA and AAX virus. 

Panel 7A shows the -structure of AAX and DCA proviruses 
and corresponding RNA transcripts (arrows) In the AAX 
vector the ADA minigene was cloned between the two LTRs 
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( downstream from the Neo gene) and therefore the 
structure of the provirus is identical to the vector 
DNA. In the DCA vector the ADA minigene was inserted 
into the 3' LTR and therefore the provirus will contain 
two copies of the ADA minigene in each LTR. Three rna 
transcripts are expressed from the AAX provirus, two 
LTR initiated RNA forms unspliced and spliced, and a 
third RNA transcript expressed from the internally 
placed ADA promoter which serves as the mRNA for ADA 
synthesis. The DCA provirus also generates the same 
three transcripts except that both ADA minigenes can 
serve as templates for ADA mRNA synthesis. The 
predicted (see text) and observed (panel B) levels of 
RNA transcripts in cells infected with DCA virus is 
indicated by the thickness of the arrows . 

Panel 7B shows the RNA blot analysis of cells infected 
with AAX and DCA virus containing supernatants . 
Polyadenylated RNA, fractionated on formaldehyde- 
agarose gels and blotted to nylon filters was first 
hybridized to an M-MuLV U3 specific probe. After 
hybridization, exposure and development of the X-ray 
sensitive film, the probe was removed and filter was 
rehybridized with a human ADA specific probe. In order 
to obtain a quantitative comparison of RNA loaded in 
each lane, the same filter was also hybridized to a 
human glyceraldehyde-3 -phosphate dehydrogenase (GAPDH) 
probe. AAX-11, DCA-18 and DCA-4 are three 

independently derived virus preparations which were 
characterized by DNA blotting to generate the predicted 
proviruses in the infected cells. V and N are LTR 
initiated transcripts, the unspliced virion RNA (V) and 
spliced neo mRNA (N)-; ADA - the ADA promoter initiated 
RNA transcripts, R? , X, a and b are additional 
transcripts whose possible origin is discussed in the 
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text. 

Panel 7C shows the results of another experiment, as 
described in Panel 7B (see text for additional 
details) . 

5 

Figure a. Human ADA enzyme activity in NIH 3T3 cells 
infected with OCA and AAX virus. 

The presence of the human and ADA mouse isozyme in NIH 
10 3T3 cells was determined by cellogel electrophoresis 

of cell extracts followed by in situ chemical staining 
for the ADA enzymatic activity (17, 31) . 

Figure 9. Schematic diagrams of some of the variations 
1 5 on the sequences that may be present between the two 

LTRs of DC vectors. (For a more comprehensive but not 
complete list, see Temin 1986, (18) ) . 

Figure 10. Modes of insertion into the 3' LTR. 

20 

Figure 11. DNA analysis of NIH 3T3 cells infected with 
DCA virus. 

Panel 11A shows the structure of the DCA vector 
25 (recombinant DNA) and the predicted structure of the 

corresponding provirus in the infected (target) cell. 
Black boxes represent the viral LTRs, solid lines 
represent unique viral sequences and open boxes 
represent the foreign genes introduced into the 
30 retroviral vector, the Neo and ADA minigenes. 

Restriction sites used in this analysis are also shown. 
N-Ncol; Bg-Bglll; B-BamHI; S-Stul. The predicted DNA 
fragments generated by digestion of the proviral DNA 
with each restriction enzyme is shown and the size in 
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kilobase-pairs is indicat d only for the DNA fragments 
which hybridize with the Neo probe. Figure iib shows 
the results of a DNA blot analysis of NIH 3T3 cells 
infected with DCA virus containing supernatants . 

5 Panel 11B shows that hybridization was performed with a 

Neo specific probe. Lane 1 - uninfected NIH 3T3 cells. 
Lane 2-5, DCA-6 virus supernatant infected cells 
digested with StuI (lane 2), Ncol (lane 3) Bglll (lane 
4) and BamHI (lane 5). Lanes 6-8, cellular DNA 

10 digested with BamHI, derived from NIH 3T3 cells 

infected with three additional virus containing 
supernatants. DCA-3 (lane 6); DCA-4 (lane 7); DCA-9 
(lane 8). MW - Migration of DNA fragments generated by 
Hindlll digestion of x DNA is indicated in kilobase- 

15 pairs. 

Figure 12. HUT 78 and Raji cells infected with AAX and 
DCA virus. 

20 5xl0 5 HUT 78 and Raji cells were infected with AAX or 

DCA virus in one milliliter of culture and grown for 48 
hours before G418 was added to a concentration of 0.75 
mg/ml and cells were cultured for about two weeks until 
control cultures did not contain live cells. An m-mulv 
U3 specific probe was used to detect vector specific 
RNA transcripts. The putative ADA transcript present 
in Raji eels infected with AAX virus can be seen upon 
longer exposure of the X-ray film (not shown) . A band 
migrating at approximately the same position in HUT 78 
cells infected with AAX virus does not correspond to 
the ADA transcript. 
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Figure 13. NIH 3T3 cells infected with AAX or DCA 
virus. 

Cell extracts prepared from NIH 3T3 cells infected with 
AAX or DCA virus were subjected to electrophoresis in a 
cellogel matrix and the migration of mouse and human 
ADA isozymes was determined by a histochemical staining 
procedure (17,31), DCA-4, DCA-18, AAX-10 and AAX-ll 
are independently derived virus preparations. Extracts 
prepared from uninfected NIH 3T3 cells and human bone 
marrow (hBM) were used to distinguish between the 
endogenous mouse isozyme and the vector transduced 
human isozyme, respectively. 
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Detailed Description of the Invention 

This invention concerns a retroviral vector for intro- 
ducing into a eucaryotic cell DNA encoding a transcrip- 
tion unit comprising a first DNA sequence which is the 
5 reverse transcript of at least a portion of a retro- 

virus , said portion including both the 5' LTR sequence 
and the 3' LTR sequence of the retrovirus, and a second 
DNA sequence encoding the transcription unit, and which 
is inserted into the U3 region of the 3' LTR sequence. 

10 rjThe -transcription unit may be virtually any DNA 

sequence capable of being transcribed into RNA, 
regardless of whether such RNA is subsequently 
translated into a polypeptide, for example, an 
antisense RNA sequence, i.e., a sequence which is 

15 complementary to all or a portion of another RNA 

molecule present in the host cell. 

Those skilled in the art will recognize that a number 
of retroviruses may be employed to construct the 

20 retroviral vector of this invention. Among such 

retroviruses are avian sarcoma viruses (AvSV) , murine 
sarcoma viruses (MuSV) , and leukemia viruses such as 
murine leukemia viruses, e.g., mouse Moloney leukemia 
virus (M-MuLV) . Particularly useful as a retroviral 

25 vector in the practice of this invention is the mouse 

Moloney leukemia virus (M-MuLV) . 

In one embodiment, the first DNA sequence is the 
reverse transcript of the entire retrovirus . In 
30 another embodiment the first DNA sequence is the 

reverse transcript of a portion of the retrovirus, said 
portion including both the 5' LTR sequence and the 3' 
LTR sequence of the retrovirus. Useful as the first 
DNA sequence in the practice of this invention is the 
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retroviral vector N2. 

In a further embodiment, the second DNA sequence 
encoding the transcription unit encodes the human ADA 
minigene. m another embodiment, the second DNA 
sequence encoding the transcription unit encodes a 
binding sequence corresponding to a eucaryotic promoter 
for any of polymerase I, polymerase II, or polymerase 
III. It is known to those skilled in the art that 
eueayotic polymerase I transcribes ribosomal genes; 
that eucaryotic polymerase II is responsible for the 
expression of the protein coding cellular genes; and 
that eucaryotic polymerase in transcribes the 5S and 
t-RNA genes of cell. In a still further aspect of this 
invention, the second DNA sequence encoding the 
15 transcription unit encodes a binding sequence cor- 

responding to a procaryotic polymerase, such as T7 
polymerase. 

The second DNA sequence encoding the transcriptional 
20 unit also may encode an RNA sequence, such as 

antisense RNA or mRNA, or encode a polypeptide of 
interest. The antisensene RNA may be an RNA sequence 
which is complementary to a nucleotide sequence encoded 
by a pathogen, such as a bacteria, parasite or virus, 
e.g. the Human Immunodeficiency Virus (HIV) . The 
second DNA sequence encoding the transcription unit 
also may encode an RNA which is the recognition 
sequence for the DNA or RNA binding protein. The 
polypeptide encoded by the second DNA transcription 
unit may be, but is not limited to encoding mammalian 
polypeptides or proteins, such as the hemoglobin 
protein. The second DNA sequence encoding the 
transcription unit also may enc de a selectable or 
identifiable phenotypic trait, such as resistance to 
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antibiotics, e.g. ampicillin, tetracycline, and 
neomycin, or may comprise a non-selectable gene. 

Another feature of this invention is a retroviral vec- 
tor further comprising a non-retroviral DNA sequence 
5 present between the 5' and 3' LTRs of the retrovirus 

vector. This non-retroviral DNA sequence may encode a 
selectable or identifiable phenotypic trait. Such a 
trait may be resistance to antibiotics, e.g., 
ampicillin, tetracycline, and neomycin. In another 
10 aspect, this additional sequence may comprise a non- 

selectable gene. (For examples of such see Figure 9 and 
Temin, 1986 (18) ) . 

One embodiment of this invention concerns a retroviral 

15 vector wherein the second DNA sequence encoding a 

transcription unit is inserted into the U3 region of 
the 3' LTR sequence. In accordance with the practice 
of this invention, the second DNA sequence encoding the 
transcription unit may be inserted at any location 

20 within the U3 region of the 3' LTR, or alternitavely , 

may be inserted upstream of the enhancer and promoter 
sequences within the U3 region of the 3' LTR. In 
another, the second DNA sequence is inserted at the 
U3 region of the 3' LTR sequence downstream of the 

25 enhancer sequence. In still another embodiment, the 

second DNA sequence is inserted into the U3 region of 
the 3' LTR sequence, in particular downstream of the 
promoter sequence. Another feature of this invention 
is a retroviral vector, described above, wherein the 

30 enhancer and/or promoter of the U3 region of the 3 ' LTR 

have been deleted or mutated, e.g. by mutation. 



Methods used in preparing the retroviral vector of the 
present invention are known in the art and are de- 
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scribed more fully hereinafter under Experimental De- 
tails and Discussion. 

Additionally, this invention provides a method of pro- 
ducing a virion useful for introducing into a eucary- 
otic cell DNA encoding a transcription unit comprising 
transfecting the retroviral vector described above, 
into a suitable packaging cell line under conditions 
such that the virion is formed within, and excreted 
by, the packaging cell line. This invention also 
concerns a virion produced by such a method. 

Methods for producing the virion in accordance with 
this invention are also known to those skilled in the 
art, as will, be exemplified in the Experimental Details 
and Description Section. 

This invention also provides a method of introducing 
into a eucaryotic cell a DNA transcription unit which 
comprises infecting the cell with a virion produced by 
the method described above under conditions such that 
the DNA transcription unit is incorporated into the 
chromosomal DNA of the eucaryotic . cell. in one 
embodiment the eucaryotic cell is a mammalian cell, 
e.g., a hemopoietic stem cell. 

Methods of infection and methods of detecting the pres- 
ence of the products of transcription units or genes, 
i.e., DNA encoding a polypeptide or protein of 
interest, are also well known in the art, as 
exemplified in the next section. 

This invention -is illustrated in the Experimental De- 
tails and Discussion sections which follow. These 
sections, are set forth to aid in an understanding of 
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the invention but are not intended to, and should not 
be construed to, limit in any way the invention as s t 
forth in the claims which follow thereafter* 

Principle of double copy (DC) retroviral vectors 

The following section describes the retroviral vector 
design of the present invention which is useful for the 
expression of the transduced gene, by eliminating the 
interference from the retroviral readthrough 
transcript, emanating from the retroviral LTR. The 
strategy is distinct and superior to that of SIM 
vectors . 

DC vectors utilize the same principle used in the de- 
sign of SIN vectors, i.e. that sequences in the 3' LTR 
of one provirus (the U3 region) are "transferred" to 
both LTRs of the progeny provirus (23). In SIN vectors 
this principle was utilized by introducing a deletion 
in the U3 region of the 3 ' LTR to eliminate the 
enhancer and promoter sequences thus inactivating the 
viral transcriptional unit. This principle also was 
exploited for the transduction of a procaryotic t-RNA 
suppressor gene in replication competent retroviruses 
for the purpose of selection in bacterial cells and not 
for the expression of transduced genes in eucaryotic 
cells. The insertion of the t-RNA gene into the U3 
region of the LTR was done to avoid the disruption of 
essential retroviral genes, not in order to exploit the 
duplication event associated with this process (12, 
30 16) . 
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In SIN vectors, VIP type vectors and in fact in all 
retroviral vectors constructed so far, the transduced 
gene, i.e., the gene whose expression in the eucaryotic 
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cell is sought, is always placed in between the two 
LTRs and, therefore, its position relative to the tw 
LTRs will not change in the infected cell. The unique 
feature of DC vectors, as illustrated in Figure 3, is 
that the transduced gene is placed within the U3 region 
of the 3' LTR. Figure 4 shows that in an infected cell 
the gene is transferred also to the 5' LTR, generating 
two copies of the transduced gene, hence its name, 
double copy vector. The important result is that in 
its new position, in the 5' LTR, the gene is physically 
placed outside the retroviral transcriptional unit, 
eliminating or at least reducing the negative effects 
of the retroviral transcriptional unit (Figure 4) . 

N2 based DC vect ors for the transduction of miniaenes 



This section describes a specific DC vector to illus- 
trate the vector design principle in accordance with 
the present invention. This particular vector is based 
on the high titer N2 vector and it contains the human 
20 ADA minigene. The 2082 base pairs (bp) long ADA mini- 

gene consists of the ADA promoter which extends 730 bp 
upstream from the RNA start site, and the ADA coding 
sequences from which the polyadenylation signal se- 
quence, AAUAAA, was removed (20, 21) . The ADA minigene 
25 was inserted into the 3' LTR of the N2 vector in a 

transcriptional orientation which is parallel to the 
viral transcriptional unit. characterization of this 
vector described below demonstrates that DC vectors 
function as predicted and also illustrates the 
additional benefits of this particular version of DC 
vector design. 



35 



VIP vectors carrying minigenes are frequently used in 
studies involving retroviral gene transfer. This 
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strategy has been us d for the transduction of the 
human ADA gene (1,11). As shown in Figure 5A, in these 
studies the high titer N2 vector was used and the ADA 
minigene was inserted downstream to the Neo gene 
between the two LTRs. 

In one construct, the early SV40 promoter was fused to 
the human ADA cDNA (SAX) . This vector was used to 
express the ADA gene in mouse fibroblast cells (l) , 
established human lymphoid cells (11) and bone marrow 
cells from ADA deficient patients (Bordignon et al. 
PNAS, in press) . More recently a new vector was con- 
structed and used in studies by Bordignon et al. (PNAS, 
in press) in which the ADA cDNA is fused to its own 
promoter (AAX) which is equally active but not superior 
to the SAX vector, also as shown in Figure 5A. Figure 
5A also shows the structure of the SAX and AAX vectors 
and the corresponding RNA transcripts present in the 
vector infected cells. Note that the structure of the 
vector DNA as constructed in vitro , is identical to the 
20 structure of the proviral DNA in the infected cell. 

The two long transcripts generated from SAX or AAX are 
initiated in the 5' LTR from the retroviral promoter 
and terminate in the 3' LTR which contains the 
polyadenylation signal. The unspliced RNA species is 
the virion RNA and the spliced form serves as the mRNA 
for the expression of the Neo gene. The shorter tran- 
script, the mRNA for the ADA gene is initiated within 
the internal promoter, SV40 or ADA, and because the 
minigene lacks a polyadenylation signal, the tran- 
30 scripts terminate in the viral 3' LTR at the same site 

which is used by the LTR derived transcripts. The 
internal ADA mRNA is. represented by a dotted line to 
illustrate the fact that the level of expression of 
internally promoted transcripts is unpredictable and 
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often low. (For more details see Armentano et al., 
1987 (1)). 

The structure of a DC vector carrying the ADA minigene 
called DCA, is shown in Figure SB. This particular 
vector based on the H2 vector and the human ADA 
minigene which was inserted into the U3 region of the 
3' LTR, upstream to the viral enhancer. To construct 
the DCA vector, the N2 vector was first modified by 
insertion of a 52 bp long polylinker sequence into an 
Nhel site present in the 3' LTR, 30 bp downstream from 
the 5' end of the 3' LTR. The polylinker sequence 
contains five restriction sites which are unique to the 
N2 plasmid: Apal, BgiXI, SnaBI, SacII and mm. since 
the insertion of the polylinker -sequence into the Hhel 
15 - site may interfere with viral intergration, the 
polylinker sequence was designed to regenerate an 
additional 16 bp of viral sequence downstream from the 
Nhel site. Thus, the polylinker modified N2 vector, 
called N2A, contains a total of 50 bp of viral sequence 
20 downstream from the 5' end of the LTR before foreign 

sequence is encountered. The ADA minigene was inserted 
into the unique SnaBI site present in the polylinker. 
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As in AAX, because the ADA minigene lacks a 
polyadenylation signal, the ADA transcripts also will 
utilize the viral polyadenylation signal and terminate 
at the same site used by the LTR transcripts. This 
feature, the lack of polyadenylation signal in the 
transduced gene and the consequent use of the 
retroviral signal, endows this subset of DC vectors 
with additional useful properties, described below. 

Figure 5B shows that in the infected cell, i.e., the 
target cell, the ADA minigene . will have been trans- 
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f erred also t the 5' LTR, the immediate result being 
the duplication of the transduced gene in the infected 
cell (see also Figure 4). The most important 
consequence of this duplication, basic to the design of 
DC vector, is that the ADA minigene copy in the 5' LTR 
5 is present outside the retroviral transcriptional unit 

and, therefore, its activity will be less affected by 
a retroviral readthrough transcriptional unit. 

As indicated in Figure 5B, this particular DC vector 
10 contains a minigene which utilizes the viral 

polyadenylation signal. This is true not only for the 
3' LTR situated minigene but it also holds true for the 
5' LTR contained minigene in the infected cell which 
utilizes the, polyadenylation signal encoded in the 5' 
15 LTR. Figure 5B also illustrates the fact that initia- 

tion of RNA transcription as defined by the border 
between U3 and R regions in LTR precedes the 
polyadenylation site as defined by the border between R 
and U5 regions. Therefore, the ADA gene transcript in 
20 the 5' LTR will partially overlap with the retroviral 

transcriptional unit through region R« In other words, 
with the transfer of the ADA transcriptional unit to 
the 5' LTR, the retroviral transcriptional unit and its 
expression should be inhibited. This is indicated in 
25 Figure 5B where the viral transcripts are represented 

by dotted lines. If so, it is reasonable to expect 
that the inhibitory effect of the retroviral transcrip- 
tional unit on the 3' LTR situated ADA transcript will 
be also relieved as indicated by the fact that the 3' 
30 situated ADA minigene is now represented in the infect- 

ed cell by a bold line. This is indeed the case as 
shown in Figure 7,.. Probably the most significant 
consequence of eliminating or decreasing the activity 
of the viral transcripti nal unit is a parallel reduc- 
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tion in the occurrence of recombination events leading 
to the formation of replication competent retroviruses, 
a major concern associated with the use of retroviruses 
.for human therapy. 

Transfer and ex pression of the ADA gene using the dca 
vector 

This section provides experimental evidence on the 
function and char ater is tics of the DC vectors, 
exemplified by the DCA vector shown in Figure 5B, in 
accordance with the present invention. 

Transfer of the ADA mini gene to the 5' LTR - the dupli- 
cation process 



The construction of the DCA vector and derivation of 
the corresponding virus was achieved following estab- 
lished procedures. Briefly, the recombinant DNA carry- 
ing the ADA minigene was generated by standard recombi- 
nant DNA techniques and converted to a retroviral vir- 
ion in the following procedure. PA317 packaging cells 
(13) were transfected with the DCA DNA, grown in medium 
containing 0.7 mg/ml G418 to select for cells express- 
ing the Neo gene contained within the DCA vector) , G418 
resistant colonies were isolated and expanded to cell 
lines. The supernatant of each cell line was then 
tested for the presence of DCA virus. First, the titer 
of virus was determined by infecting NIH 3T3 cells with 
serial dilutions and growing cells in the presence of 
30 G418. .3 out of 10 cell lines generated high titers of 

Neo containing virus, 2 x 10 4 -l.o x io 5 Neo cfu/ml. 
In this experiment,. -a titer AAX virus supernatant (see 
Figure 5A) used as a control yielded 2 x 10 4 cfu/ml. 
Thus, it can be concluded that the DCA vector yields 
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high titers of virus which is characteristic of N2 
based vectors. 

Next it was determined whether the ADA minigene was 
duplicated in the infected cells, as shown in Figure 
5B. In order to do this, the DNA content of the NIH 
3T3 cells infected with the high titer DCA supernatants 
was analyzed by DNA blotting. Chromosomal DNA was 
prepared using the guanidium isothiocyanate extraction 
procedure (24). DNA was digested with various 

restriction enzymes, subjected to electrophoresis in 1% 
agarose gels (lOug pe r lane) , transferred to a nylon 
filter (Biotrans, ICN) using an electroblotting 
apparatus (BioRad) , hybridized with a 32 P-labelled 
specific probe and exposed to an X-ray sensitive film 
15 (Kodak XAR5) in the presence of intensifying screens 

(Dupont Cronex lighting plus) . 

Figures 6 and 11 show the DNA analysis of 3T3 NIH cells 
infected with DCA virus. Figures 5B and 11A show that 

20 the DCA DNA construct contains one Bam HI site in the 

ADA minigene present in the 3' LTR. If the ADA 
minigene is transferred to the 5' LTR, a 
characteristic BamHI DNA fragment will be generated in 
the infected cells, about 5.1 kb long. Indeed, when 

25 NIH 3T3 cell DNA, infected with DCA virus, is digested 

with Bam HI, a DNA fragment of the expected size is 
generated in each case, as shown in Figures 6 and 11B. 

As noted above, Figure 11A shows that a single BamHI 
30 restriction site is present in the DCA vector DNA, and 

if the 2.7kb hybrid LTR is duplicated at the 5' end of 
the proviral DNA, a characteristic S.lkb DNA fragment 
hybridizing to the Neo probe, will be generated in the 
infected cells. As shown in Figure 11B, lanes 5-8, 
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infection of NIH 3T3 with four independently derived 
DCA virus containing supernatants generates the 
predicted 5.1 kb DNA band. Additional bands present in 
lanes 6 and 8 indicate that the corresponding virus 
preparations also contain virus which has undergone 
rearrangements, presumably during transfection of the 
PA317 cells with the vector DNA. Restriction analysis 
using restriction enzymes StuI, Bglll, and Ncol is also 
consistent with the accurate duplication of the hybrid 
3' I/TR in the infected cells (Figure 11B lanes 2, 3, 4 
and accompanying diagram in Figure 11A) . 

Expression of the ADA minigene in NIH 3T3 cells infect- 
ed with DCA and AAX virus 



Expression of the ADA minigene in the infected cells 
was determined by analyzing (a) the presence of vector 
specific RNA transcripts in the cell and (b) appearance 
of enzymatic activity corresponding to the human ADA 
gene product. Total cellular RNA (both nuclear and 
20 cytoplasmic) were prepared using the guanadium 

isothiocyanate extraction procedure (24) . Total 
cellular RNA was fractionated on oligo (dt) cellulose 
columns , the poly A + RNA fraction was subjected to 
electrophoresis in 1% agarose-formaldehyde gels, f25) 
and vector specific RNA species were identified after 
electroblotting to nylon filters , hybridization with 
P-labelled probes and exposure to X-ray sensitive 
film in the presence of intensifying screens. In these 
experiments, the expression of the ADA gene from the 
DCA vector was compared to that of AAX, a conventional 
vector (see Figures 7A as well as 5A and 5B) . 

AAX is similar to the DCA vector, except that the ADA 
minigene is inserted downstream to the Neo gene,, 457 
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bp upstream from the cloning site in the DCA vector- 
Figures 7A and 5 show the structure of the AAX and the 
DCA derived proviruses and the predicted RNA species 
expressed from the viral LTR and the ADA promoter in 
NIH 3T3 cells, N2 based vectors generate two LTR 
derived transcripts, an unspliced UNA species and a 
spliced RNA form (Figure 7A, virion RNA and Neo RNA, 
respectively) . A third RNA species is expressed from 
the internal ADA promoter (1). All three RNA 
transcripts terminate at the polyadenylation site 
present in the viral LTR, the R/U5 junction. The two 
LTR initiated transcripts generated from AAX and DCA 
vectors are identical in size, while the ADA promoter 
initiated transcript expressed from the DCA vector 
should be 457 nucleotides shorter than the correspond- 
ing transcript synthesized on the AAX template. Figure 
7A also shows that in the DCA provirus a second copy of 
ADA minigene is present in the 5' LTR, thus generating 
two ADA transcripts per provirus. If the LTR initiated 
readthrough transcript inhibits the activity of inter- 
nal promoters, the placement of the ADA minigene in the 
5' LTR will enhance the expression of ADA in cells har- 
boring the DCA provirus as compared to cells harboring 
the AAX provirus- 



Figure 7B displays the specific RNA species expressed 
in NIH 3T3 cells infected with AAX and DCA virus • DCA 
vector infected cells express 10-20 fold higher levels 
of ADA promoter initiated transcripts as compared to 
AAX vector infected cells. (Relative levels of RNA 
30 transcripts were determined by exposing the 

autoradiogram for various times and correcting for the 
small variations in -RNA loaded in each lane) . This dif- 
ference in RNA expression is consistent with the pre- 
diction that placement of one copy of the ADA minigene 
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outside the viral LTR will reduce the inhibitory effect 
of an upstream promoter on the activity of a downstream 
situated promoter. (It is not possible determine 
experimentally whether one or both copies of the ADA 
minigene in the DCA provirus contribute equally to ADA 
expression) . It is also evident from this analysis 
that in cells infected with DCA virus, expression of 
the LTR initiated transcripts (Figure 7B r V and N) is 
reduced. (The unspliced HNA form (V) is reduced 3-5 
fold and the spliced HNA form (N) is reduced 10-15 
fold) . This is also consistent with the observations 
that readthrough transcripts inhibit the activity of 
internal promoters since the ADA promoter initiated 
transcript in* the 5 r LTR . traverses the viral 
enhancer/promoter region overl app ing with the LTR 
initiated transcripts over a short region. Although not 
possible to test experimentally, reduced expression of 
the LTR initiated transcripts should augment 
transcription from the .3' situated ADA minigene as 
well. (This is indicated by the thickness of the 
corresponding arrow in Figure 7A. ) Additional HNA 
species also can be detected in the infected cells as 
shown in Figure 7B. A slow migrating RNA species in 
DCA infected cells, designated R? in Figure 7B may 
constitute a readthrough transcript initiated from the 
5 # situated ADA promoter which terminates in the 3' LTR 
of the provirus. Two RNA species designated a and b, 
detected only with the M-MuLV U3 probe in cells 
infected with one DCA virus isolate, comigrate with N2 
parenal vector generated transcripts (not shown). Host 
likely these two RNA species reflect a recombination 
event which occurred between the two LTRs of the DCA 
vector during transfection of the PA317 cells. 
Recombination between non identical LTR's in similar 
circumstances has been previously observed (23) „ The 
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nature of the RNA species designated X in Figure 7B 
which appears in all DCA infected cells, is unclear. 

Figure 7C is another experiment which, like the 
experiments shown in Figure 7B, shows that AAX infected 
5 cells generate the three expected bands (see Figure 5A 

and Armentano et al. , 1987 (1) ) • Bands a and b 
correspond to the LTR initiated transcripts, the 
virion RNA and Neo mRNA and band c corresponds to the 
ADA promoter initiated transcript, the mRNA for the ADA 

10 gene product. As shown in Figure 7C and judging from 

the intensity of the three bands, the steady state 
levels of the three transcripts expressed from the AAX 
provirus is similar. NIH 3T3 cells infected with the 
DCA virus also express several vector specific RNA 

15 transcripts. In this case, the predominate RNA species 

(band c*) is the short transcript which corresponds to 
the ADA promoter initiated ADA mRNA, The viral 
transcripts initiated in the 5' LTR, although 
detectable, are present at significantly reduced levels 

20 (the two bands in lanes DCA- 3 and DCA-6 which migrate 

slightly slower than bands a and b in the AAX lane) . 

The conclusions from these experiments . are ; (1) that 
the ADA promoter initiated RNA transcript is expressed 

25 from the DCA vector. Although it is not possible to 

quantitate accurately the amount of transcripts 
produced in AAX and DCA infected cells from this and 
other experiments, it appears that (1) DCA infected 
cells express 10-20 fold higher levels of ADA specific 

30 transcripts and corresponding gene product (see also 

Figure 8) ; and (2) it confirms the prediction of the 
experiment illustrated in Figure 7C that the transfer 
of the ADA minigene to the 5' LTR will suppress the 
synthesis of LTR driven transcripts. 
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Appear ance of human ADA activity in NIH 3T3 cells in- 
fected with DCA and AAX virus 

In order to show that infection of cells with the DCA 
virus leads to the synthesis of a biologically active 
gene product, infected cells have been analyzed for the 
presence of ADA enzymatic activity corresponding to the 
human isozyme. To do this, cell extracts were subject- 
ed to electrophoresis in a cellogel matrix under condi- 
tions which separate the endogenous mouse ADA enzyme 
from the human isozyme. Subsequently the cellogel was 
"stained" for the presence of ADA activity. Figures 8 
and 13 show that both DCA and AXX infected cells, but 
not uninfected cells, express the human ADA isozyme in 
addition to the mouse enzyme, and that DCA infected 
cells contain higher .levels of human ADA enzymatic 
activity (compare band intensity of human ADA in DCA 
and AAX lanes relative to the mouse ADA bands, Figures 
8 and 13). 

It was observed that the ADA transcript is poorly 
expressed in several human lymphoid cell lines 
transduced with the AAX vector such as HUT 78 and Raji 
(Yu and Gilboa, unpublished resuits) . Therefore, it 
was of considerable interest to see whether a DC vector 
design will be more useful in expressing the ADA gene 
in those cell lines. As shown in Figure 12, in AAX 
infected HUT 78 and Raji cells, the internal ADA 
promoter driven transcripts are barely detectable. On 
the other hand, substantially higher levels of ADA 
transcripts are present in cells harboring the DCA 
vector, providing additional evidence for the potential 
utility of this type of vector design. 
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Experimental Discussion 

Double copy or DC retroviral vectors were designed in 
response to the problems which are encountered in 
expressing retrovirally carried genes • The unique 
feature of DC vectors is that the foreign gene is 
inserted within the U3 region of the 3' LTR of the 
vector resulting in the duplication of the gene and its 
transposition to the 5' LTR, outside the retroviral 
transcriptional unit. The utility, of the DC vector 
design was tested using a 2.1 kb long ADA minigene 
which was inserted into the 3' LTR of the Neo 
containing retroviral vector N2. DNA analysis has 
shown that the 2.7 kb long chimeric LTR was faithfully 
duplicated in the infected cell (Figures 6 and 11) . 
Several studies have described the insertion of short 
DNA sequences into the 3' LTR of retroviruses, which 
did not adversely affect viral functions (12, 16, 26). 
What restrictions may exist on the insertion of foreign 
sequences in the U3 region of the retroviral LTR? In 
the course of retroviral replication, duplication of 
the LTR and its transposition to the 5' end involves an 
actinomycin D sensitive step in which the reverse 
transcriptase uses double stranded DNA as template to 
generate a second copy of LTR (19) . There is no 
25 evidence to suggest that this step will be 

significantly affected by the insertion of additional 
sequences into the LTR. It is tempting to speculate 
that, with probable exceptions , insertion of foreign 
sequences into the LTR will be tolerated, provided it 
30 does not affect essential viral functions. If so, the 

limitations on composition and lengths of sequence 
inserted into the LTR will be the same limitations 
encountered when foreign genes are inserted into 
retroviral vectors, the main limitation being the 
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packaging ability of the corresponding RNA into 
virions r and a second possible limitation may be the 
stability of proviruses containing long direct repeats 
(27) . For example, the H-MuLV derived DC vector used 
in this study should accommodate over 6 kb of foreign 
sequence in the LTR. 

The main prediction in the design of DC vectors was 
that the transposition of the gene to the 5' LTR, 
outside the retroviral transcriptional unit, will 
enhance its expression. The experiments summarized in 
Figures 7, 8, 12 and 13 show that expression of the ADA 
gene from a DC vector is significantly enhanced in the 
three cell lines tested, NIH 3T3, HUT 78 and Raji. 
This, and the reduction in LTR initiated transcripts 
(Figure 7B) , is consistent with previous observations 
that upstream promoters exert an inhibitory effect on 
promoters placed" downstream (5, 11, 28), and may 
explain some of the problems encountered in expressing 
retrovirally carried genes from internal promoters (29, 
30) • 

In previous studies a procaryotic t-RNA gene was 
inserted into the 3' LTR of a replication competent 
murine retrovirus, K-MuLV (12, 16). In this case, the 
t-RNA gene was expressed in bacteria and was used as a 
selectable marker during molecular cloning in bacteria. 
Since it did not use its procaryotic origin, it was not 
intended to function in eucaryotic cells. The study 
described herein is the first instance where a DNA 
sequence is inserted into the 3' LTR of a retroviral 
derived vector, and it is expressed in a eucaryotic 
cell. Only in eucaryotic cells, and not in bacteria, 
the unique advantages of inserting genes into the 3' 
LTR of retrovirus or retroviral derived vectors, is 
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being realized. 

Efficiency of gene transfer, the fraction of cells 
transduced with a retroviral vector, is a function of 
virus titer* Although the important issue of virus 
titers has not been fully addressed in these studies, 
virus titers generated from the DCA vector (0,2 - 0.8 x 
10 5 cfu/ul) were only slightly lower than virus titers 
generated from the AAX vector (1-2 x 10 5 cfu/ul) , and 
significantly higher than the titer of virus generated 
from SIN vectors carrying the ADA gene (0,5 - 2 x 10 3 
cfu/ul, (Yu and Gilboa, unpublished results). Both DCA 
and AAX vectors are based on the high titer N2 
retroviral vector (1) . 

The retroviral vector N2, which also encodes a Neo gene 
(1) represents an example of a retroviral vector which 
can be used to construct a DC vector. Other vectors, 
containing additional non-retroviral sequences present 
between the two LTRs (selectable and hon-selectable 
genes, cDNAs) can be also used. See Figure 9 for 
several examples and Temin, 1986 (18)). 

The specific DC vector described in this study, DCA, 
represents an example of several possible 
configurations of DC vectors that can be generated. 
cDNAs, minigenes as well as whole genes can be inserted 
in either transcriptional orientation , throughout the 
U3 region, provided it does not interfere with viral 
functions. Moreover, the principle of SIN and DC 
vector design can be combined by removing the 
enhancer/promoter sequences from the chimeric 3' LTR. 
Each configuration _may have unique advantages and 
limitations and may serve a particular purpose. (See 
Figure 10, for examples.) 
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In summary r the utility of DC vectors was demonstrated 
using the ADA minigene which was inserted into the 3' 
i/TR of the M-MuLV based N2 retroviral vector. The 
general usefulness of this vector design will be 
determined only from the cumulative experience of many 
who introduce and express genes in cells of interest. 
Based on the studies reported here and additional 
preliminary experience from the laboratory, (see Table 
1) it is hoped that DC vectors ultimately will improve 
the ability to express retrovirally transduced genes, 
and contribute to the solution of the problems 
encountered in expressing the transduced gene in 
cultured cells and in particular when introduced into 
the. live animal. 



The general useful lness of this new type of retroviral 
vector is highlighted by recent experiments summarized 
in Table I in which a wide variety of DNA inserts were 
introduced into the DC vector as described in this 
20 application. Although not always fully characterised 

as in the case with the ADA vector DCA, the level of 
success, i.e. obtaining high titer virus and gene 
expression in target cell, is substantially higher as 
compared to our previous "experience. 
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Table I summarizes the use of DC vectors for gene 
transfer. 

TABLE I 
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Insert 

TK-hiFN 

TK-mlFN 

TK-hIL-2 

TK-tax (HTLV-I) 

SV-DHFR 

SV-DHFR-polyA 
i 

ADA-polyA 

< 

T7-HIV cap 

Chimeric t-RNA (3X) 



Virus titer 



Infect cells 



H 
H 
H 
H 

M/R 
ND 

ND 

H 
H 



DNA 


RNA 


Protein 


ND 


ND 


+ 


ND 


ND 


+ 


ND 


ND 


+ 


+ 


+ 


NH 




+ 




ND 


ND 


+ 


ND 


ND 


+ 


+ 




NA 


+ 




NA 



20 



Legends of Table I 
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A. TK - Herves virus simplex thymidine kinase gene 
promoter and, SV-early SV40 promoter fused to cDNA: 
hlFN - human gamma interferon, ml FN - mouse gamma 
interferon, hIL-2 -human interleukin, tax (HTLV-I) tax 
gene of human T-cell leukemia virus I; DHFR mouse 
dihydro^olate reductase. T7-HIVcap-Bacteriophage T7 
promoter fused to a region of the HIV genome in an 
antisense orientation, chimeric t-RNA (3x) - three 
chimeric t-RNA genes. All above constructs were 
inserted into the N2 base DC vector as described for 
DCA, in a transcriptional orientation parallel to that 
of the retrovial transcriptional unit. SV-DHFR-poly A- 
contains a poly A signal and inserted into the DC 
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vector in an opposite orientation as indicated by the 
arrow- ADA-poly A consists of the ADA minigene 
described in the DCA vector and a polyadenylation 
signal , also in an opposite orientation. 

5 B. Virus titer is an important feature of retroviral 

vector in many cases constituting the limiting factor 
in their usefulness. H-High titer (10 5 -lo 6 cfu/ul) ; M- 
Medium titer (10 4 -io 5 cfu/um) . For comparison the 
titer of N2 vector is about 2 x 10 6 cfu/ul; AAX - 5 x 
10 10 cfu/ul, DCA-8 x 10 4 cfu/ul and SIN derived vector - 

10 2 " 10 3 cfu/ml. 
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C. Main feature, in the characterization of DC based 
vector in the target cells. DNA - The structure of 
provirus to show that duplication has occured. RNA - 
Expression of corresponding RNA protein. Protein - 
Expression of the gene product (when insert codes for a 
protein) . Human and mouse gamma interferon and hIL-1 
were measured by a bioassay and DHFR was measure by the 
appearance of MTX resistant cells. 

ND - not done. 

NA - not applicable. 
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What is claimed iss 

1, A retroviral vector for introducing into a 
eucaryotic cell DNA encoding a transcription unit 
which comprises a first DNA sequence which is the 
reverse transcript of at least a portion of a 
retrovirus, said portion including both the 5' 
LTR sequence and the 3' LTR sequence of the 
retrovirus, and a second DNA sequence encoding 
the transcription unit which is inserted into the 
U3 region of the 3* LTR sequence. 



15 



A retroviral vector of claim 1, wherein the first 
DNA sequence is the reverse transcript of the 
entire retrovirus. 



3* A retroviral vector of claim 1, wherein the first 
DNA sequence is a reverse transcript of a portion 
of the retrovirus, said portion including both 
the 5' LTR sequence and the 3' LTR sequence of 
20 the retrovirus. 

4. A retroviral vector of claim 1, wherein the 
retrovirus is mouse Moloney leukemia virus (M- 
MuLV) * 

25 

5. A retroviral vector of claim 1, wherein the first 
- DNA sequence is the retroviral vector N2- 

6. A retroviral vector of claim 1, wherein the sec- 
30 ond DNA sequence encoding the transcription 

unit encodes the human ADA minigene. 



35 



A retroviral vector of claim 1, wherein the sec* 
ond DNA sequence encoding the transcription unit 
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encodes a binding sequence corresponding to a 
eucaryotic promoter from the group consisting of 
polymerase I, polymerase II r and polymerase III. 

A retroviral vector of claim 1, wherein the 
second ONA sequence encoding the transcription 
unit encodes a binding sequence corresponding to 
a procaryotic promoter. 

A retroviral vector of claim 8 , wherein the 
procaryotic promoter is T7 polymerase. 

A retroviral vector of claim 1, wherein the 
second DNA sequence encoding the transcription 
unit encodes an RNA molecule. 

A retroviral vector of claim 10, wherein the RNA 
is an antisense RNA molecule. 

A retroviral vector of claim 10, wherein the RNA 
encodes a recognition sequence for a DNA or RNA 
binding protein. 

A retroviral vector of claim 10, wherein the RNA 
is a mRNA molecule. 

A retroviral vector of claim 1, wherein the 
second DNA sequence encoding the transcription 
unit encodes a selectable or identifiable 
phenotypic trait. 

A retroviral vector of claim 14, wherein the 
selectable or identifiable phenotypic trait is 
resistance to neomycin. 
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A retroviral vector of claim 1, wherein th 
second DNA Sequence encoding the transcription 
unit encodes a non-selectable gene. 

A retroviral vector of claim 1, wherein the 
second DNA sequence encoding the transcription 
unit encodes a polypeptide* 

A retroviral vector of claim 17 , wherein the 
polypeptide is a mammalian polypeptide. 

A retroviral vector of claim 18, wherein the mam- 
malian polypeptide is a hemoglobin protein. 

A retroviral vector of claim 1, wherein the 
second DNA sequence encoding a transcription unit 
is inserted into the U3 region of the 3' LTR 
sequence. 

A retroviral vector of claim 1, wherein the 
second DNA sequence encoding a transcription unit 
is inserted into the U3 region of the 3' LTR 
sequence upstream of. the enhancer and promoter 
sequences. * 

A retroviral vector of claim 1, wherein the 
second DNA sequence encoding a transcription 
unit is inserted at the U3 region of the 3'" LTR 
sequence downstream of the enhancer sequence. 

A retroviral vector of claim 1, wherein the 
second DNA sequence encoding a transcription unit 
is inserted into the U3 region of the 3' LTR 
sequence downstream of the promoter sequence. 
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A retroviral vector of claim 1, wherein the en- 
hancer sequences of the U3 region of the 3' LTR 
have been deleted or modified • 

A retroviral vector of claim 1, wherein the 
promoter sequences of the U3 region of the 3' LTR 
have been deleted or modified. 

A retroviral vector of claim 1, wherein the 
enahancer and promoter sequences of the U3 region 
of the 3 / LTR have been deleted or modified. 

A retroviral vector of claim 1 which further 
comprises a non-retroviral DNA sequence inserted 
between, the 3' and 5' LTR of the retroviral 
vector, 

A retroviral vector of claim 27, wherein the non- 
retroviral DNA sequence encodes a selectable or 
identifiable phenotypic trait. 

A retroviral vector of claim 28 , wherein the 
selectable or identifiable phenotypic trait is 
resistance to neomycin. 

A retroviral vector of claim 27 wherein the non- 
retroviral DNA sequence comprises a non^ 
selectable gene. 

A method of producing a virion useful for intro- 
ducing into a eucaryotic cell DNA encoding a 
transcription unit comprising trans feet ing the 
retroviral vector of claim l into a suitable 
packaging cell line under conditions such that, 
the virion is formed within, and excreted by, 
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the packaging- cell line. 

A virion produced by the method of claim 31. 

A method of introducing into a eucaryotic cell a 
DNA encoding a transcription unit which comprises 
infecting the cell with a virion of claim 32 
under conditions such that the DNA encoding the 
transcription unit is incorporated into the 
chromosomal DNA of the eucaryotic cell. 

A method of claim 33, wherein the eucaryotic cell 
is a mammalian cell. 

A method- of claim 34 f wherein the mammalian cell 
is a hemopoietic stem cell- 
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